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TEMPERATURE COMPENSATION SYSTEM FOR A COORDINATE 

MEASURING MACHINE 



FIELD OF INVENTION 
This invention relates generally to machines having an element movable along 
guideways, such as a coordinate measuring machine, and more particularly to 
coordinate measuring machines that can accommodate materials having different 
coefficients of thermal expansion while maintaining a high level of accuracy and 
stability at different temperatures. 

BACKGROUND OF THE INVENTION 
Coordinate measuring machines are used for dimensional inspection of 
workpieces, such as machined or molded parts. A workpiece typically is secured to a 
fixed table and a measuring probe is secured to a ram which is movable in three 
dimensions. To measure the position of a point on the workpiece, the probe is 
brought into contact with the point, and measuring scales or other sensors on the 
machine are read. The position of the point is typically expressed in X, Y and Z 
coordinates within a working volume of the machine. To measure a distance between 
two points, the points are contacted successively, the coordinates of both points are 
read, and the distance is calculated from the coordinates. State of the art coordinate 
measuring machines typically have features such as high resolution measuring 
systems, electrical contact probes, motor drives, computer controlled drives and 
computer acquisition and processing of data. 

Two common types of coordinate measuring machines are a moving bridge 
machine, and a gantry style machine. In both, a bridge moves in the Y direction along 
guideways on a table or support. A carriage moves in the X direction along 
guideways on the bridge. A ram with a probe mounted on its lower end moves 
vertically or in the Z direction through bearings in the carriage. Thus, three- 
dimensional movement of the probe is provided. The scales associated with each of 
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the movable elements indicate the positions of the movable elements in the three axial 
directions. 

The accuracy of a coordinate measuring machine is limited by geometric 
errors, such as inaccuracies in the scales or other measuring devices, and faults in the 
guideways or other elements which define machine motion. These inaccuracies can 
cause measurement errors when the machine is operated at a reference temperature, 
which is usually 20°C. One known approach to increasing accuracy with respect to 
the geometric errors is to improve the construction techniques and to reduce 
tolerances of the system so that errors are reduced. However, reduction of errors 
becomes progressively more expensive as required accuracies increase. Another 
known approach is direct measurement of coordinate errors at points throughout the 
machine working volume. This approach is impractical because of a huge amount of 
data which must be stored for large machines and because of the time required to 
measure such data. In one example, U.S. Patent No. 4,884,348 discloses a testing 
device for determining measurement errors. 

A third known approach is the measurement of errors in parametric form. As 
noted, a coordinate machine typically has three sets of guideways which establish 
probe motion. Ideally, movement along each of these guideways should result only in 
linear motion, and a scale reading should equal the linear displacement. In reality, 
however, there are scale errors and the guideways are not completely straight or 
perfectly free from twists. For such a machine, there are six degrees of freedom 
which produce errors during movement along each guideway. For each direction of 
movement, there are three linear errors, Dx, D Y and Dz and three rotational errors A x , 
A Y and A z . The six error parameter is measured at a number of points along each 
direction of machine movement, resulting in an error matrix with 18 error parameters. 
From the matrix of 18 error parameters, the error at any point in the measurement 
volume is calculated and stored. The calculated errors are then subtracted from the 
measured coordinate values to determine actual workpiece coordinates. Examples of 
this approach are found in U.S. Patent Nos. 4,884,889 and 4,939,678. 

In addition to the above mentioned so-called geometric errors, the accuracy of 
a coordinate measuring machine is in general also affected by thermally induced 
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errors that may cause deformation of machine components. These are errors resulting 
from thermal expansion, or differential thermal expansion, due to differing 
coefficients of thermal expansion of different machine components. It is well known 
that these measurement errors may be minimized by maintaining a coordinate 
measuring machine at a constant temperature to prevent changes in size of the various 
components due to thermal expansion or contraction. However, it is not always 
possible to maintain the environment surrounding a coordinate measuring machine at 
a constant temperature. This is particularly true in a shop environment where 
temperatures and humidity conditions will change from season to season and day to 
day. 

In a manner that is analogous to the correction of geometric errors, the thermal 
errors can be minimized either by applying appropriate design techniques or by using 
software error compensation techniques. The latter method is based on taking real- 
time readings from temperature sensors mounted on the measuring machine and the 
use of a model that resides inside the machine's controller. The model relates the 
sensor readings to geometric deformations caused by temperature changes. Correction 
values for the scale readings are calculated to offset these errors. 

In the former method, various construction techniques may be used, such as 
employing materials with low coefficients of thermal expansion, or materials which 
all have the same coefficient of thermal expansion. Examples of such construction 
techniques are found in the following patents and applications: U.S. Patent Nos. 
4,538,91 1; 5,173,613; 5,198,874; 4,962,591; and 5,031,331; and Publication Nos. WO 
89/09920 and WO 89/09887. 

It is not always practical to make all components of the same material, or 
materials having the same coefficients of thermal expansion, since each component 
serves a different function and therefore should have properties that are different from 
other components. For example, it is desirable that the bridge be strong, but not 
necessarily heavy so that the bridge has a relatively low inertia. On the other hand, 
the guideways upon which the bridge and ram travel must be strong and formed of a 
material such as steel which provides a precision pathway. If the bridge were made of 
steel like the guideways, it would be too heavy to be of practical use and likely would 
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be too expensive. 

Most known prior art systems for fully temperature compensating a coordinate 
measuring machine are relatively complex and expensive. Therefore, it is desirable to 
have a coordinate measuring machine which can be used in various temperature 
environments and formed of materials of different coefficients of thermal expansion, 
and yet still possess a very high level of accuracy without the need for an expensive 
thermal compensation system. 

SUMMARY OF INVENTION 
This invention relates generally to machines having two elements movable 
with respect to one another along guideways such as rails, and to the compensation of 
thermally-induced errors that may cause deformation of components of the machines 
as a result of temperature changes, because of differences in the coefficient of thermal 
expansion. This invention has particular applicability to coordinate measuring 
machines. 

In one aspect, this invention discloses a machine which includes a support 
structure, an element movable with respect to the support structure, at least one 
guideway disposed on one of the support structure and the movable element along 
which the movable element and support structure move relative to one another in a 
direction of travel, the guideway having a coefficient of thermal expansion which is 
different from that of the surface on which it is mounted, and at least one member 
disposed on the same structure on which the guideway is mounted generally opposite 
the guideway, the member being generally parallel to the guideway and having a 
coefficient of thermal expansion, a stiffness, a spacing from a center of mass of the 
structure on which the guideway is mounted, and a cross-sectional dimension such 
that the member substantially balances any thermal stresses created by differential 
expansion and contraction of the guideway and the structure on which the guideway is 
mounted for a given change in temperature to minimize any deformation of the 
structure on which the guideway is mounted. In one embodiment of this aspect, the 
member has the same coefficient of thermal expansion as the guideway. In another 
embodiment, the member has substantially the same cross-sectional dimension and 
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length as the guideway. In yet another embodiment, there is a second member and a 
second guideway, and the one member and the one guideway are disposed generally 
opposite one another, while the second member and the second guideway are disposed 
generally opposite one another. In yet another embodiment, the guideway is disposed 
on one surface of the support structure and the member is disposed on a second 
surface of the support structure that is aligned generally parallel to the one surface. In 
yet another further embodiment, the guideway is disposed on one surface of the 
support structure, and the member is disposed on a second surface of the support 
structure that is aligned generally parallel to the one surface. 

In yet another further embodiment of this aspect, the member is formed of the 
same material as the guideway, and the member has substantially the same cross- 
sectional dimension, the same stiffness, and the same spacing from the center of mass 
of the structure on which the member is mounted as the guideway. The member may 
be affixed by an epoxy, or by screws, or both. In yet another embodiment, the 
member is disposed on a side of the center of mass of the structure on which the 
member is mounted that is opposite the side of that structure on which the guideway 
is disposed. The machine may be a coordinate measuring machine, and the support 
structure may be a beam movable in one direction, and the movable element may be a 
carriage carrying a Z ram movable in a second direction orthogonal to the first 
direction. In this embodiment, the member and the guideway are mounted on the 
beam. In another embodiment, the machine is a coordinate measuring machine in 
which the support structure is a carriage, the movable element is a Z ram movable in a 
vertical direction, and the guideway and member are mounted on the Z ram. 

In another aspect, a coordinate measuring machine includes an elongated beam 
movable in one direction generally perpendicular to its direction of elongation, at least 
one rail that is disposed on the beam and extends in a direction generally parallel to 
the direction of elongation of the beam, the rail being formed of a material having a 
coefficient of thermal expansion different from that of the beam, a carriage that is 
movable along the rail in the direction of elongation of the beam, and a bar that is 
disposed on the beam generally on an opposite side of a center of mass of the beam 
from the rail, the bar having a coefficient of thermal expansion, a cross-sectional 
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dimension, a stiffness and a spacing from the center of mass of the beam such that the 
bar substantially balances any thermal stresses on the beam produced by differential 
expansion or contraction of the beam and the rail with changes in temperature. 

In yet another aspect of the invention, a coordinate measuring machine is 
disclosed which includes a carriage movable along a beam in a first direction, a ram 
movable with respect to the carriage in a second direction generally orthogonal to the 
first direction, the ram having a rail extending in the second direction disposed on one 
side of the ram and along which the ram travels with respect to the carriage, the rail 
having a coefficient of thermal expansion different from the coefficient of thermal 
expansion of the ram, and a bar extending generally parallel to the rail and disposed 
on a side of the ram generally opposite of the one side, and generally opposite of the 
center of mass of the ram from the rail, the bar having a coefficient of thermal 
expansion, a cross-sectional dimension, a stiffness and a spacing from the center of 
mass of the ram such that the bar substantially balances any thermal stresses on the 
ram produced by differential expansion or contraction of the ram in the rail with 
changes in temperature. 

In yet another aspect of this invention, a coordinate measuring machine is 
disclosed which includes an element movable in a first direction, a rail along which 
the element travels, the rail extending in the first direction, a support structure on 
which the rail is mounted, the support structure having a center of mass, a member 
disposed in the support structure on a side of the center of mass of the support 
structure opposite of the rail, the member having a coefficient of thermal expansion, a 
cross-sectional dimension, a stiffness and a spacing from the center of mass of the 
support structure such that the member substantially balances any thermal stresses on 
the support structure produced by differential expansion or contraction of the support 
structure with changes in temperature. 

In yet another further aspect, a machine is disclosed which includes a beam 
movable in a first direction along a rail assembly, a slide coupled to the rail assembly 
which permits the beam to travel along the rail assembly in the first direction, a slot 
disposed on the slide that is elongated in a direction generally perpendicular to the 
first direction, and a pin affixed to the beam and extending into the slot, whereby any 
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expansion or contraction of the beam in a direction perpendicular to the first direction 
causes the pin to move in the slot in the direction perpendicular to the first direction. 

In yet another further aspect, a machine is disclosed which includes a beam, 
two generally parallel rails disposed on the beam, the rails extending in the first 
direction, a carriage movable along the rails in the first direction, slides associated 
with each of the rails for permitting the carriage to move along the rails, and a flexible 
coupling between the carriage in at least one of the slides to permit the carriage to 
move with respect to the slide in a second direction generally perpendicular to the first 
direction. In one embodiment, the carriage is supported by the coupling in a spaced 
relationship with the slide. In another embodiment, the coupling allows movement of 
the carriage in the second direction with respect to the one slide, but is sufficiently 
rigid in a direction perpendicular to both the second direction and the first direction to 
maintain the carriage in a spaced relationship with the slide. In yet another 
embodiment, the coupling is a leaf spring. This machine may be a coordinate 
measuring machine. 

In yet another further aspect, a method is disclosed of balancing thermal 
stresses on a beam having a rail along which an element moves with respect to the 
beam, the rail and the beam having different coefficients of thermal expansion, the 
method comprising determining a center of mass of the beam, mounting a member on 
the beam on a side of the center of mass of the beam opposite from a side of the center 
of mass of the beam on which the rail is disposed, the member being mounted such 
that it extends generally parallel to the rail, and selecting a size and material and 
stiffness for the member such that a coefficient of thermal expansion of the member, a 
stiffness of the member, a cross-sectional area of the member and a spacing of the 
member from the center of mass of the beam causes the member to substantially 
balance thermal stresses in the beam produced by differential expansion or contraction 
of the beam with respect to the rail with changes in temperature. In one embodiment, 
the member is mounted on the beam at a distance from the center of mass of the beam 
which equals a distance from the center of mass to the rail, the coefficient of thermal 
expansion of the member, the stiffness of the member and the cross-sectional area of 



-8- 

the member are all equal to the respective coefficient of thermal expansion, stiffness 
and cross-sectional areas of the rail. 

In yet another aspect of the invention, a method of minimizing any bending of 
a beam in a coordinate measuring machine is disclosed, the beam having a rail 
thereon, the beam and the rail having different coefficients of thermal expansion, the 
method including the step of determining a center of mass of the beam, placing a bar 
on the beam on a side of the center of mass of the beam opposite a side of the center 
of mass of the beam on which the rail is disposed, aligning the bar in a direction 
generally parallel to the rail and selecting a cross-sectional area of the bar, a material 
for the bar having a coefficient of thermal expansion, a spacing of the bar from the 
center of mass of the beam and a stiffness of the bar such that any stresses produced in 
the beam by the rail as a result of changes in temperature are generally equal to the 
thermal stresses produced in the beam by the bar. In one embodiment, the bar is 
affixed to the beam so that the bar cannot move with respect to the beam. In another 
embodiment of this aspect, a coefficient of thermal expansion, stiffness, spacing from 
the center of mass and a cross-sectional area are all selected for the bar so that they 
are the same as the respective coefficient of thermal expansion, stiffness, spacing 
from the center of mass of the beam and cross-sectional area of the rail. 

BRIEF DESCRIPTION OF DRAWINGS 
The objects, advantages and features of this invention will be more clearly 

appreciated from the following detailed description, when taken in conjunction with 

the accompanying drawings, in which: 

FIG. 1 is a perspective view of one embodiment of a gantry style coordinate 

measuring machine embodying the temperature compensation system of the present 

invention; 

FIG. 2 is an exploded, perspective view of a portion of the bridge of the 
machine of Fig. 1; 

FIG. 3 is a perspective view of a portion of the bridge of Fig. 2 taken from the 
lower surface thereof; 
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FIG. 3 A is a side, elevation view of a portion of the bridge of Fig. 2, 
illustrating in phantom in exaggerated form bending that occurs without the invention; 

FIG 3B is a perspective view of a portion of the bridge of Fig. 2 taken along 
the lower surface thereof and illustrating another embodiment of the invention; 

FIG. 4 is a perspective view of the Z ram of Fig. 1 taken from the backside; 

FIG. 5 is a perspective view of the Z ram of Fig. 1 taken from the front side; 

FIG. 6 is a partial, exploded, perspective view of the beam of Fig. 1 
illustrating another embodiment of the present invention; 

FIG. 7 is a fragmentary, exploded, perspective view of the carriage of Fig. 1 
illustrating yet another embodiment of the present invention; and 

FIG 8 is a fragmentary, cross-sectional view of one of the Y axis assemblies 
illustrating another embodiment of the present invention. 

DETAILED DESCRIPTION 
This invention relates to machines having an element, such as a carriage, that 
moves along guideways, such as rails. This invention is directed to minimizing 
thermal errors in such machines by applying design techniques that make the machine 
or components of the machine more or less insensitive to changes in the thermal 
environment. This invention does not deal with geometric errors at reference 
temperature. Thus, the machines must still be calibrated at the reference temperature. 
However, this invention eliminates or minimizes the need for complex thermal error 
compensation. 

The various aspects of this invention offset or accommodate differential 
expansion and contraction of one portion of the machine with respect to another 
portion with changes in temperature. In one aspect, the guideways or rails on which 
the element rides rest on a beam or support which has a coefficient of thermal 
expansion different from that of the rails. Members, such as bars, are employed to 
balance the thermal stresses produced on the beam by the rails caused by differential 
expansion or contraction of the beam with respect to the rails to minimize any 
bending of the beam. In another aspect, a pin supporting the beam at one end rides in 
an elongated slot on the slides that ride on a rail on which the beam moves to 
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accommodate expansion and contraction of the beam in its lengthwise direction with 
changes in temperature. In yet another aspect, a flexible coupling connects the 
element or carriage to slides riding on the rails carrying the carriage to accommodate 
expansion and contraction of the carriage with changes in temperature. The present 
invention has particular applicability to coordinate measuring machines, such as a 
gantry style or moving bridge type coordinate measuring machine. 

One example of a gantry style coordinate measuring machine 10 in accordance 
with the present invention is illustrated in Fig. 1. Machine 10 includes a table 20 for 
holding a workpiece (not shown) for measurement, table support structure 29, 
machine stand 28, two spaced, parallel Y axis assemblies 30, a bridge 32 which rides 
along Y axis assemblies 30, an X axis assembly 34 disposed on bridge 32, a carriage 
36 which rides along X axis assembly 34, and a Z ram 38 which is carried by and 
movable with respect to carriage 36. Disposed at the distal end of Z ram 38 is a probe 
40 for measuring a workpiece disposed on table 20. A controller 42 or the like may 
be provided for control of coordinate measuring machine 10. 

In the embodiment of Fig. 1, each Y axis assembly 30 may be supported by 
posts 44 that are ultimately supported by machine stand 28. Typically, although not 
necessarily, table support structure 29 is provided with a vibration isolation system 
(not shown) such as in machine stand 28, and conventional leveling devices for 
maintenance of accuracy. Each Y axis assembly 30 includes guideways, such as rails 
92 or the like (Fig. 8) along which bearing slides 1 12 (Fig. 6) on which bridge 32 
travels. Bearing slides 1 12 may be roller bearings or air bearings or other 
conventional bearing systems. Each Y axis assembly 30 also includes conventional 
scales 96 (Fig. 8) and a drive mechanism 94 (Fig. 8), for moving bridge 32 back and 
forth along its associated rails in the Y direction. 

Bridge 32 will now be described with particular reference to Fig. 2. Bridge 32 
includes a beam 80, which provides support for X axis assembly 34 which is disposed 
on upper surface 33 of beam 80. X axis assembly 34 includes at least one guideway 
or rail 50, and more typically two rails 50, along which carriage 36 travels. X axis 
assembly 34 also typically includes conventional scales 52 for measuring the position 
of carriage 36 with respect to the X direction, and a drive 54 for moving carriage 36 
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along rails 50 in the X direction. Drive 54 is conventional, and may be any drive, 
known to be used for coordinate measuring machines. In one embodiment, drive 54 
may include drive rack 55 disposed on X axis assembly 34 and a pinion gear and 
associated drive motor 150 (Fig. 7) on carriage 36. Scales 52 also are conventional, 
and may be any type of scales known to be used for this application. Rails 50 are 
secured tightly to beam 32, such as by screws, epoxy or the like. Typically, although 
not necessarily, a cover 56 with associated bellows 58 covers and provides protection 
for rails 50, scales 52 and drive 54 on beam 80. 

Beam 80 is further illustrated in Fig. 3. It is understood that the particular 
design and construction of beam 80 as described with respect to Fig. 3 is only 
illustrative of the types of beams that could be used in this application. The particular 
structure, configuration and composition of beam 80 is not in any way an important or 
necessary feature of the invention. 

In this particular embodiment, beam 80 typically is a casting formed of a metal 
matrix. In one example, beam 80 is formed of a matrix comprising 70% aluminum 
and 30% silicon carbide. The structure of beam 80 typically is open, and may include 
ribs 60 extending between end plates 66 and a cross support 64, as well as between 
sidewalls 62. Upper surface 33 covers the top of beam 80. This particular structure 
provides the desired strength, as well as a desired lightness, to enable rapid movement 
of bridge 32 from one location to another in the Y direction, while reducing inertia 
forces that could cause overshooting, slowness or stress on the Y axis assembly 30. 
In addition, beam 80 has the strength and rigidity sufficient to support carriage 36 and 
Z ram 38 with minimal bending or deformation which could impair accuracy. It is to 
be understood, however, that any other suitable design may be used for bridge 32. 

Typically, rails 50, which are mounted on upper surface 33 of beam 80, are 
formed of a material that is different from that of beam 80, and that has a coefficient 
of thermal expansion that is different from that of beam 80. Rails 50 preferably are 
formed of a material which is sufficiently hard and strong to withstand movement of 
carriage 36 therealong at frequent intervals and over an extended period of time, and 
which can be machined to the precision necessary for the high accuracy 
measurements for which machine 10 is designed. Moreover, rails 50 should be 
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formed of a material which is not subject to excessive deformation or change in size 
due to changes in humidity or temperature. One suitable material for rails 50 is steel, 
and in particular, a high carbon steel. 

For the particular exemplary structure described above, the coefficient of 
thermal expansion for beam 80 is about 14.0 to about 14.5 parts per million per 
degree Celsius (ppm/°C). On the other hand, the coefficient of thermal expansion for 
rails 50 is about 1 1.0 ppm/°C. In this particular exemplary structure, it has been 
observed that for a change in temperature of from 20°C to 30°C, beam 32 is displaced 
about 8 micrometers at its center as compared to its ends, resulting in a curved 
deformation, or X-pitch of about 60 micro-radians in which the ends of beam 80 curve 
upwardly with respect to the middle to produce a beam 80 shape that is concave 
facing upwardly or in a positive Z direction. (See Fig. 3 A which illustrates such 
bending in phantom in an exaggerated form). This particular displacement or X pitch 
is unacceptable for most measuring applications. This deformation of beam 80 is a 
result of the fact that the material of beam 80 expands at a greater rate than does the 
material of rails 50. As beam 80 expands in a lengthwise direction, its expansion is 
restrained to a certain extent by rails 50 which are attached thereto and which do not 
lengthen at the same rate. Since rails 50 are securely bonded to beam 32, the resulting 
thermal stress on beam 80 produces the noted curvature of beam 80. 

To minimize such deformation, in one aspect of the invention, at least one 
member, such as a bar 70, is mounted on beam 80. In one embodiment, there is one 
bar 70 associated with each rail 50. Typically, the bar 70 associated with each rail 50 
is disposed on an opposite side of the neutral axis 79 of beam 80 from its associated 
rail 50, although bar 70 could be on the same side of the neutral axis 79 of beam 80 
under certain conditions. The neutral axis 79 of beam 80 is an imaginary line which 
passes through the center of mass of beam 80 in the X direction. Also, typically, but 
not necessarily, each bar 70 is in general alignment with its associated rail 50 in the Y 
direction. Bars 70 also typically, but not necessarily, are aligned generally parallel to 
their associated rails 50 and are of about the same length in the X direction as their 
associated rails 50. The purpose of bars 70 is to offset or balance the thermal stresses 
produced by rails 50 with a change in temperature to minimize bending of beam 80. 
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For bars 70 to perform the function of balancing the thermal stresses on beam 
80, there are at least four variables that must be considered. The first variable is the 
coefficient of thermal expansion of bars 70. The greater the differential in coefficient 
of thermal expansion between that of bar 70 and that of beam 80, the greater is the 
amount of offsetting stress produced by bar 70 for a given change in temperature. In 
this embodiment, where the rails 50 and the bar 70 are located on opposite sides of 
neutral axis 79 of beam 80, both the rails 50 and the bars 70 have coefficients of 
thermal expansion that are both either greater or less than the coefficient of thermal 
expansion of the beam 80. Where the coefficient of thermal expansion of beam 80 is 
between those of the rails 50 and the bar 70, the rails 50 and bar 70 should typically 
be located on the same side of the neutral axis of beam 80 for the applied thermal 
stresses on beam 80 to be balancing, or offsetting. The second variable is the stiffness 
of bar 70. The greater the stiffness of bar 70, the greater is the ability of bar 70 to 
offset or balance the thermal stresses produced by rails 50 and vice versa. Another 
variable is the cross-sectional area of bar 70. All other factors being the same, the 
greater the cross-sectional area of bar 70, the greater is the offsetting stress produced 
by bar 70 with a change in temperature, and vice versa. Finally, another variable is 
the distance of bar 70 from the neutral axis 79 of beam 80. The greater the spacing of 
bar 70 from the neutral axis, the greater is the amount of balancing or offsetting stress 
produced by the bar, while the closer bar 70 is to the neutral axis, the smaller is the 
offsetting or balancing stress produced by bar 70 on beam 80. 

Any bar 70 would be suitable which substantially balances the thermal stresses 
produced on beam 80 by rails 50 to minimize any bending of beam 80. It is apparent 
from the foregoing analysis that the combination of the coefficient of thermal 
expansion of the material chosen for bar 70, the stiffness of the material chosen for 
bar 70, the cross-sectional area of bar 70, and the spacing of bar 70 from the neutral 
axis can be varied or changed almost infinitely through a wide range. Thus, a bar 70 
that balances the thermal stresses can have an almost infinite number of different 
combinations of these four variables. Changes in one or more of these variables can 
be offset by changes in one or more of the other variables and the same balancing 
effect can be achieved. For example, assuming that the coefficient of thermal 
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expansion of beam 80 is greater than that of both rails 50 and bar 70, a material 
having a much higher coefficient of thermal expansion than that for rails 50 may be 
chosen for bar 70 and this higher coefficient of thermal expansion may be offset by 
changing the cross-sectional area of bar 70 to still balance thermal stresses, all other 
factors being the same. Similarly, a bar having stiffness greater than that of rails 50 
may be chosen and the thermal stresses still may be balanced either by reducing the 
distance of the bar 70 from the neutral axis to reduce the moment arm of bar 70, or by 
reducing the cross-neutral area of the bar 70. 

In one embodiment, one solution which is easy to implement is to select a bar 
70 which is formed of substantially the same material as rails 50, and which therefore 
has substantially the same coefficient of thermal expansion and stiffness as rail 50. In 
this particular embodiment, typically the cross-sectional area of each bar 70 is the 
same as that of associated rail 50, and the spacing of bar 70 from the neutral axis is 
also the same or substantially the same as that of associated bar 50 on the other side of 
the neutral axis. It is to be understood, however, that the invention is not limited to 
this particular, simplified embodiment of the invention. 

In the particular embodiment illustrated in Figs. 3, there is one bar 70 disposed 
on each sidewall 62 of beam 80 at a location spaced from upper surface 33 (Fig. 2) of 
beam 80, generally opposite an associated rail 50 with respect to the X direction and, 
on the other side of the neutral axis 79 in the Z direction from its associated rail 50. 
In the embodiment of Fig. 3, each bar 70 is disposed on a lower edge of sidewall 62. 
As shown in Fig. 3, typically, although not necessarily, cutouts 72 are provided in the 
lower edges of sidewalls 62 to accommodate bars 70. In one embodiment, the 
exposed surface of each bar 70 is flush or generally flush with the lower edge of 
associated sidewall 62. In another embodiment, as illustrated in Fig. 3B, at least one 
bar 70 may be mounted on an inside surface of its associated sidewall 62, and not on a 
lower edge thereof. In the embodiment of Fig. 3B, no cutout 72 is necessary. 

Regardless of where they are attached, bars 70 typically are firmly affixed to 
beam 80 to minimize any movement of bars 70 with respect to beam 80 with changes 
in temperature. In one embodiment, bars 70 are affixed to beam 80 using an epoxy 
with a very small coefficient of thermal expansion at the temperatures at which 
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machine 10 operates. In another embodiment, bars 70 are affixed to beam 80 using 
screws 74, rivets or other like fixation devices. In another embodiment, both screws 
74 and a layer of an epoxy are utilized to bond bars 70 to beam 32. 

Z ram 38 will now be described with particular reference to Figs 4 and 5. 
Z ram 38 moves in a direction generally parallel to its length, or in a Z direction, with 
respect to carriage 36. Typically, although not necessarily, Z ram 38 is a casting or an 
extrusion formed of the same material as beam 80, namely, a metal matrix formed of 
about 70% aluminum and 30% silicon carbide. It is to be understood, of course, that 
other suitable materials may be utilized, including pure aluminum, titanium or other 
light-weight but strong metals. Z ram 38 typically but not necessarily is hollow in 
cross-section and provides the desired combination of strength, rigidity and light 
weight. Z ram 38 includes conventional scales 82 disposed on one outer surface 
thereof for measuring the position of ram 38 and thus probe 40 in the Z direction. 
Ram 38 also typically includes a rack 84 extending in the Z direction and disposed on 
another surface thereof for coupling to, for example, a pinion gear driven by a motor 
160 (Fig. 7), in carriage 36 for controlled movement of Z ram 38 in a vertical or Z 
direction. A cable 87 extends from an upper end of ram 38 and is electrically coupled 
through carriage 36 to a power source, and to other portions of the machine, such as 
controller 42. Disposed on one side of Z ram 38, such as a back side facing carriage 
36, or facing beam 80, is a guideway or rail 86 which extends in the Z direction and 
which rides along bearings (not shown) in carriage 36 to guide movement of ram 38 
in a vertical or Z direction in a manner well-known to those of skill in the art. Rail 86 
is conventional, and the bearings (not shown) are also conventional, and may be either 
air bearings, or roller bearing slides or the like. Typically, rail 86 is formed of the 
same material as rails 50, although it need not be. 

If Z ram 38, like beam 80, is formed of material having a coefficient of 
thermal expansion different from that of rail 86 mounted thereto, like beam 80, Z ram 
38 is prone to bending when temperature changes occur. For example, for a change in 
temperature of 20°C to 30°C, for a Z ram 38 formed of metal matrix composed of 
70% aluminum and 30% silicon carbide, in which the Z ram has a coefficient of 
thermal expansion of about 14.5 ppm/°C, and for a rail 86 formed of steel and having 
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a coefficient of thermal expansion of about 1 1 ppm/°C, a Z pitch of 120 micro-radians 
was observed. Such a Z pitch was produced by about 50 micrometers of displacement 
of Z ram 38 at its ends caused by the differential expansion of Z ram 38 and rail 86. 
More particularly, Z ram 38 expanded at a greater rate than rail 86, producing a 
curved shape in ram 38 which was concave on a side facing rail 86 and convex along 
the opposite side of Z ram 38. Such a curvature is undesirable, since significant 
measurement errors could result from the altered position of probe 40 or from binding 
of ram 38 by rail 86 within carriage 36. 

As with beam 80, such bending due to differential expansion of ram 38 and 
rail 86 may be minimized by the provision of a member such as bar 88. Like bar 70, 
bar 88 balances the thermal stress produced in ram 38 by the differential expansion of 
ram 38 and rail 86. Bar 88 is subject to the same considerations as bars 70 and the 
selection of the proper materials, size and location of bar 88 results from 
consideration of the distance from the neutral axis 89, the cross-sectional area, the 
stiffness and the coefficient of thermal expansion of bar 88. For the Z ram 38, the 
neutral axis 89 typically extends in the Z direction or parallel to its length through 
about the geometric center of ram 38. In one embodiment, where ram 38 has a 
generally square or rectangular cross-sectional shape, bar 88 is disposed on an outer 
surface of Z ram 38 directly opposite the outer surface of ram 38 on which rail 86 is 
disposed and bar 88 extends generally parallel to and is generally coextensive with 
rail 86 in the Z direction. Since ram 38 is typically generally symmetrically disposed 
about its neutral axis 89, this configuration positions bar 88 about the same distance 
from the neutral axis 89 of Z ram 38 as rail 86 on the opposite side of ram 38 from rail 
86. Also, typically, but not necessarily, bar 88 is formed of the same material as rail 
86, and/or has the same coefficient of thermal expansion as rail 86. Also, typically, 
bar 88 has the same cross-sectional dimension as rail 86, so that bar 88 expands at 
substantially the same rate and in the same direction as rail 86. As with bars 70, bar 
88 may have a coefficient of thermal expansion, stiffness, spacing from the neutral 
axis 89 and a size and shape different from that of rail 86, so long as the net effect of 
bar 88 is to balance the thermal stresses produced by the differential expansion of ram 
38 and rail 86. Also, multiple bars 88 may be used. It has been observed that by the 
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provision of bar 88 of this invention, the bending of ram 38 is substantially reduced to 
zero for a temperature change of from 20°C to 30°C. Like bars 70, bar 88 typically is 
firmly attached to Z ram 38, such as by the use of an epoxy or by screws 89, or both. 
Also, bar 88 need not be the same length as rail 86, but could be shorter or longer. 
Moreover, bar 88 need not be positioned exactly opposite rail 86 on ram 38, but could 
be offset in the X direction on ram 38 with respect to rail 86. 

Another aspect of the invention will now be described with particular 
reference to Fig. 8. Typically, Y axis assembly 30 is sufficiently rigid and has 
sufficient strength to withstand any bending caused by differential thermal expansion 
of the Y rail 92, and its associated supporting structure 98. However, in some 
embodiments, in which the underlying support 98 is less rigid and therefore more 
susceptible to bending with temperature variations, it is understood that a member 90 
like bar 70 or bar 88 could be used in conjunction with the Y axis assembly 30. 

The Y axis assembly 30 may include a Y rail 92 mounted on a Y-rail bed 91 
which in turn rests on a support 98. It is to be understood that each Y axis assembly 
30 is substantially identical for purposes of this invention. Y rail 92 is, in most 
significant respects, substantially identical to rails 50, and is typically formed of a 
material that is not subject to excessive deformation or change in size due to changes 
in humidity and temperature. Like rails 50, one suitable material for rail 92 is steel, 
and in particular a high carbon steel. Like rails 50, rail 92 typically is formed of a 
material which is different from that forming support 98, and typically has a 
coefficient of thermal expansion which is less than that of support 98. Support 98 
may be a casting or the like, and may be formed of the same material as beam 80. 
Support 98 may be formed of other suitable materials, so long as such materials are 
sufficiently strong to support beam 80 and its associated carriage 36. As noted 
previously, typically Y axis assembly 30 also includes known scales 96 for measuring 
the position of beam 80 along Y axis assembly 30, and a known suitable drive, such 
as drive rack 94 which may be engaged by a suitable drive mechanism (not shown) on 
beam 80 such as a pinion gear driven by a motor or the like (not shown). Rack 94 and 
scales 96 are conventional are not part of this invention, and therefore will not be 
further described. 
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Because of the differing coefficients of thermal expansion for support 98 and 
rail 92, deformation of rail 92 is a possibility with changes in temperature for the 
same reasons as discussed previously with respect to rails 50 and 88. While typically 
support 98 is more massive than beam 80 or Z ram 38, and therefore somewhat less 
prone to deformation due to changes in temperature, deformation of structure 98, and 
thus bending of rail 92 producing a Y pitch is a possibility. Moreover, it has also 
been observed that deformation of support 98 and rail 92 about an axis substantially 
parallel to the Z axis is also a possibility. Such deformation could produce bending of 
rail 92 such that rail 92 has either a convex or concave shape facing in an X direction. 
For the reasons discussed above with respect to rails 50 and 88, such deformation is 
highly undesirable because inaccuracies in measurement can be produced, or stresses 
in the system may be produced which could either slow down the measurement 
process or cause damage. 

To minimize any such deformations of Y rail 92 which could produce 
movement of the ends of rail 92 with respect to the center thereof in a Z direction, a 
member 90 is provided to substantially balance any thermally induced stresses 
produced by changes in temperature. As with bars 70, the coefficient of thermal 
expansion of member 90, the stiffness of member 90, the cross-sectional area of 
member 90, and the distance of member 90 from the neutral axis 97 of support 98 in a 
Z direction should be chosen so as to balance the thermal stresses produced by rail 92 
on support 98 to minimize any bending of support 98, and rail 92. In one example, as 
shown in Fig. 8, member 90 is disposed on the opposite side of the neutral axis 97 of 
support 98 in a Z direction from rail 92. However, as previously discussed, 
depending upon the value chosen for the coefficients of thermal expansion of member 
90 and rail 92, member 90 could be disposed on the same side of neutral axis 97 as 
rail 92 in the Z direction. In the example shown in Fig. 8, typically member 90 
extends substantially parallel to rail 92 in the Y direction, and is substantially 
coextensive with rail 92. Also, typically, member 90 is spaced from neutral axis 97 
the same distance in the Z direction as rail 92. Also, member 90 may be formed of 
the same material as rail 92, or a material having the same coefficient of thermal 
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expansion as rail 92, and may be provided with substantially the same stiffness and 
cross-sectional area as rail 92. 

In another embodiment of this aspect, it has been discovered that a single 
member 90 may also balance thermally induced stresses which tend to produce 
movement of the ends of rail 92 with respect to its center in the X direction, resulting 
in a curvature of rail 92 about the Z axis, producing concave or convex deformation of 
rail 92 with respect to the X direction. In this embodiment, the spacing of member 90 
from the neutral axis 97 in the X direction, the stiffiiess of member 90, the coefficient 
of thermal expansion of member 90 and the cross-sectional area of member 90 are all 
chosen to balance thermally induced stresses which tend to produce curvature of rail 
92 in the X direction, as discussed above. In the example shown in Fig. 8, member 90 
is spaced from the neutral axis 97 in the X direction approximately the same distance 
as rail 92 is spaced from neutral axis 97 in the X direction, but member 90 is on the 
opposite side of disposed neutral axis 97 from rail 92. As with bars 70 and 88, 
depending on the coefficients of thermal expansion of member 90 and rail 92, 
member 90 and rail 92 could be on the same side of the neutral axis 97. 

It is to be understood that two members 90 may be provided, one member 90 
for offsetting thermal stresses which tend to produce curvature of rail 92 in which the 
ends of rail 92 extend upwardly in the Z direction with respect to its center, and a 
second member 90 for offsetting thermal stresses which tend to produce curvature of 
rail 92 in which the ends of rail 92 are offset with respect to its center in the X 
direction. It should also be understood, that while member 90 is shown as having a 
circular cross-sectional shape, any other suitable cross-sectional shape may be 
employed so long as the desired balancing effect is achieved. Finally, while member 
90 is shown as being substantially embedded within support 98, it need not be 
embedded within support 98, and could be disposed at any other suitable location and 
affixed in any other suitable way which produces the desired result. In most other 
respects, the same factors which govern the selection of the size, shape and selection 
of material of bars 70 and 88, also govern the size, shape and selection of material for 
member 90. 
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As discussed above, beam 80 will expand and contract in a lengthwise 
direction, or in an X direction, as shown in Fig. 1, or in a direction generally 
perpendicular to its direction of movement along Y axis assembly 30, with changes in 
temperature. The amount of this change in length is dependent upon the particular 
materials of which beam 80 is composed, and upon the specific coefficient of thermal 
expansion of those materials, as well as upon the amount of temperature change. 
Thus, changes in temperature could produce movement of the ends of beam 80 with 
respect to the rails upon which beam 80 rides in Y axis assembly 30 in a direction 
perpendicular to the direction of elongation of the rails of Y axis assembly 30. If 
slides 1 12 are firmly attached to beam 80, this change in length could cause internal 
stresses in and binding of the slides 1 12 with respect to the Y axis rails upon which 
beam 80 rides, causing inaccuracies and delays in the measuring process, as the 
movement of carriage 32 would be slowed and somewhat constrained due to 
increased friction. Under extreme conditions, such expansion or contraction could 
cause permanent damage to machine 10. 

With specific reference now to Fig. 6, another aspect of this invention will be 
discussed in which this particular expansion and contraction of beam 80 with changes 
in temperature may be accommodated. Expansion system 100 includes a coupling 
102 which accommodates linear contraction and expansion of beam 80 in the X 
direction with respect to Y axis assembly 30. Typically, although not necessarily, 
coupling 102 is disposed only at one end of beam 80. However, there could be a 
coupling 102 located at both ends of beam 80. In one embodiment, coupling 102 
includes a plate 104 having an elongated hole or slot 105, which is elongated in the X 
direction, and a pin 106. Pin 106 rides in slot 105 of plate 104. Pin 106 is coupled to 
beam 80, such as, for example, by a pin mount 108 which is in turn coupled to a 
bracket 1 10 which is mounted onto beam 80. Plate 104 typically is mounted onto or 
is a part of, slide 1 12 which rides on the rails (not shown) of Y axis assembly 30. In 
this embodiment, beam 80 merely rests on slide 1 12 and is not otherwise affixed 
thereto, except by pin 106 which is free to ride within elongated slot 105 in plate 104 
in the X direction so as to accommodate expansion and contraction of beam 80. The 
weight of bridge 32 and carriage 36 keeps beam 80 in contact with slide 1 12 and 
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keeps pin 106 in slot 105. The width of slot 105 in the Y direction is only slightly 
greater than the width in the Y direction of pin 106 to prevent any movement of beam 
80 in the Y direction with respect to slide 1 12 to permit accurate and controlled 
movement of bridge 32 in the Y direction. 

Typically, although not necessarily, the other end of beam 80 includes one or 
two or more brackets 1 16 which are fixedly mounted to beam 80 and which in turn 
are fixedly mounted onto associated slides 118 which ride along the rails of the other 
Y axis assembly 30. It is to be understood, however, that one bracket 1 16 and one 
slide 1 1 8, or more than two brackets 1 16 and slides 1 18 may be provided. 

Another aspect of this invention will now be described with particular 
reference to Fig. 7. As previously indicated, carriage 36 rides along rails 50 of X axis 
assembly 34. Carriage 36 includes a base 120 which is coupled to slides 121 and 122 
which in turn ride on rails 50. Slides 121 and 122 are conventional and could include 
roller bearings or air bearings, as is known in the art. 

As noted above, carriage 36 also carries Z ram 38. Z ram 38 typically is 
provided with a counterbalance 140 as is conventional with coordinate measuring 
machines. Counterbalance 140 balances the gravitational force on the Z ram 38 
producing a substantially weightless and smooth movement of Z ram 38 in a Z or 
vertical direction. One example of a suitable counterbalance 140 is a coiled spring 
counterbalance. Counterbalance 140 typically includes a coiled spring 142 which is 
axially coupled to a reel 144. A cable 146 or the like is attached at one end to reel 144 
and is wrapped about reel 144. Cable 146 is attached at the other end to Z ram 38. As 
Z ram 38 travels up and down in a Z direction, cable 146 is uncoiled and coiled up 
respectively on reel 144. Rotation of reel 144 coils or uncoils spring 142 which is 
calibrated to provide an upward force on Z ram 38 in the Z direction or away from 
table 20 which at all times closely equals the gravitational force on Z ram 38 thereby 
rendering Z ram 38 substantially weightless. 

Carriage 36 also includes a drive motor 150, such as a servo-motor, which is 
coupled to a pinion gear or the like which engages drive 54 to move carriage 36 back 
and forth in an X direction. Carriage 36 also includes a second drive motor 160 
mounted thereon which is coupled to another pinion gear or the like and which moves 
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Z ram 38 up and down in a Z or vertical direction such as by engagement with rack 84 
on Z ram 38. These systems are all conventional and are well-known to one of 
ordinary skill in the art, and, therefore need not be described further. 

Base 120 typically is formed of a material that is different from that of beam 
80, and parallel rails 50. As a result, changes in the ambient temperature surrounding 
machine 10 could produce differential expansion or contraction of base 120 of 
carriage 36 with respect to beam 80 and its associated rails 50. Any differential 
expansion or contraction of base 120 in the X direction likely would not cause any 
significant measurement error and therefore need not be accommodated, or 
compensated for. However, any differential expansion or contraction of base 120 
with respect to beam 80 and/or rails 50 in the Y direction, or perpendicular to the 
direction of elongation of rails 50 and beam 80, could produce binding of slides 121 
and 122 which could slow the movement of carriage 36, or could even cause damage 
to slides 121 and 122 or rails 50. All of these problems could produce unacceptable 
errors in the measurement process and/or significantly slow the measurement process. 
To avoid such errors and/or to avoid damage to machine 10, it is desirable to be able 
to accommodate the expansion and contraction of base 120 which occur with changes 
in temperature in a normal shop environment. 

To accommodate such expansion and contraction, a flexible coupling 124 is 
provided between base 120 and at least one set of slides 122 which ride on one of rails 
50. In one embodiment, this flexible coupling 124 may include a leaf spring 126. 
Leaf spring 126 typically is sufficiently strong to support carriage 36 on slides 122 in 
a Z-direction, but is sufficiently flexible to accommodate the foregoing expansion and 
contraction of base 120 in the Y direction. Typically, leaf spring 126 is mounted 
along an upper edge 127 to base 120, such as by a block 128 or the like which may be 
secured by a bracket 130, using screws, bolts, rivets or other known fasteners 131. 
An opposed or lower edge 129 of leaf spring 126 may be mounted directly to 
associated slides 122 such as by blocks 132 with the use of screws, rivets, bolts, glue 
or other known fasteners 133. Typically, but not necessarily, base 120 does not rest 
directly on slides 122, but is spaced above slides 122 and supported only by leaf 
spring 126. In this way, leaf spring 126 is free to flex in the Y direction to 
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accommodate expansion and contraction of base 120 without frictional interference 
caused by rubbing of base 120 against other components, such as slides 122. Leaf 
spring may be formed of spring steel and have a thickness of about 1 mm and a size of 
about 110 mm by 63 mm, although other material, sizes and thicknesses may be used. 

Another portion of carriage 36, such as the front edge of carriage 36, may be 
mounted directly to slides 121 in any known fashion such as by screws or the like. 
Slides 121 ride along the other of rails 50 than the rail upon which slides 122 slide. It 
is to be understood, however, that a coupling 124 may also be used to join carriage 36 
to slides 121. Alternatively, carriage 36 may be joined directly to slides 122 without 
coupling 124 and coupling 124 could only be used with slides 121. 

The foregoing aspects of this invention allow a machine having an element 
such as a carriage moving along a rail or rails, such as a coordinate measuring 
machine, to operate in varying temperature conditions while maintaining a high level 
of accuracy, without having to sacrifice or compromise on strength, speed, light- 
weight structure and practical affordability. 

Having thus described several aspects of at least one embodiment of this 
invention, it is to be appreciated that various alterations, modifications and 
improvements will readily occur to those skilled in the art. Such alterations, 
modifications and improvements are intended to be part of this disclosure, and are 
within the spirit and scope of the invention. Accordingly, the description and 
drawings are by way of example only. The invention is intended to be limited only by 
the following claims and their equivalents. 

What is claimed is: 



